A novel three-dimensional (3D) electrocatalyst composite was successfully prepared through a facile hydrothermal method, consisting of tungsten nitride nanosheets with flower-like morphology (WN FNs) and nitrogen-doped carbon black (N-C). Highly crystalline WN FNs were observed to be uniformly distributed in N-C, and remarkably promoted the catalytic activities toward oxygen reduction reaction (ORR) of the N-C. Moreover, the electrochemical results proved that, WN FNs/N-C composite shows a significantly higher ORR activity with a 4-electron transfer pathway and limiting current density of 5.8 mA cm À2 in alkaline solutions. The stability test of the nanocomposite showed less degradation after 5 h and its methanol tolerance also was enhanced compared with Pt/C. The improved performance of the WN FNs/N-C composite can be attributed to its unique configuration and the increased exposure of active sites, which suggests that it could serve as an ideal candidate for developing high performance ORR catalysts.
Introduction
The direct methanol fuel cell (DMFC) has been considered a promising power source for stationary and mobile applications due to its advantages such as high energy density, high conversion efficiency, and low pollution. [1] [2] [3] The oxygen reduction reaction (ORR) is of great importance at the cathode of a DMFC, meanwhile, Pt-based electrocatalysts have been the most active ORR catalysts yet. However, its high price resulting from Pt loading in electrocatalysts, low catalytic activities towards ORR, and insufficient durability are major obstacles for DMFC commercialization. 4, 5 In particular, the ORR process has two pathways: an efficient four-electron (4e À ) reduction that forms water (H 2 O) and an inefficient two-electron (2e À ) reduction with hydrogen peroxide (H 2 O 2 ) as an intermediate. 6 The sluggish kinetics requires large quantities of Pt-based catalysts, and the methanol crossover effect of the ORR catalyst at the cathode are major concerns in largescale application of DMFC. 7, 8 Many reported research items have veried that Ptbased electrocatalysts are susceptible to CO and poisoning because of methanol crossover and Pt dissolution/agglomeration. 9, 10 Numerous studies have been reported about the design of carbon materials employed as supporting materials and methanol tolerant Pt electrocatalysts, such as Pt sandwiched by nitrogen doped carbon nanotubes and a nitrogen doped carbon layer or Pt embedded into the nitrogen doped carbon layer.
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But the cost of Pt still is a key factor that prevents the process of commercialization. Therefore, using non-precious metal catalysts for ORR to replace the Pt has been attempted to reduce costs and increase efficiency.
To develop non-precious metal catalysts, an important issue is to modify carbon with proper dopants to create the ORR active sites.
14, 15 An efficient approach to achieve moderate active sites and favorable catalytic activity for ORR is to incorporate N atom into/onto carbon materials. Several carbon materials with dopants including N-doped mesoporous carbon, 16 carbon nanodots, 17 mesoporous N-doped carbon nanotubes, 18 and carbon aerogels 19 have been developed as competent catalysts for ORR with good performances. Carbon black (CB) is a common support for catalysts owing to its good electrical conductivity and corrosion resistance. 20, 21 The nitrogen-doped carbon black (N-C) incorporates nitrogen atoms into adjacent carbon atoms and creates positive charge in favor of electron transfer and oxygen adsorption during ORR. 8, 22 Although much progresses on ORR activity of N-C have been achieved, there are still some challenges about how to explore hybrid electrocatalysts with the improved ORR performance by introducing other component with homogeneous distribution and upgraded catalytic activity.
Recently, transition metal nitrides (TMNs) have attracted considerable attention due to their unique electronic property that endows Pt-like behavior and insures an advisable adsorption between the surface of the nitrides and the reactants during the reaction. 23 Progress has been achieved in the preparation of nanostructured TMNs with enhanced electrochemical performance, such as titanium nitride, tungsten nitride, and vanadium nitride. [24] [25] [26] [27] [28] [29] However, tungsten nitride (WN) is rarely used than the other nitrides because of the harsh synthesis route, and incorporating nitrogen atoms into the tungsten lattice is thermodynamically adverse at atmospheric pressure. 30, 31 The synthetic route of WN would undergo high-temperature nitridation, accompanied by the weak anisotropic character of the crystal structure, thereby complicating the control of the shape or preferential facet growth. Thus, we have explored a facile approach to prepare successfully unique WN structures with efficient improvements in performance, in which WN with ne morphology and distribution are closely interrelated with the N-C.
In this work, we report the fabrication of ower-like WN nanosheets (WN FNs) through facile nucleation and growth using a hydrothermal method followed by nitriding. As known to all, N-C could be easily agglomerated due to its particle property, thus leading to inferior ORR activity. A specic morphology of WN can be applied to improve the N-C, while morphology would play a crucial part in optimization of the catalytic performance. WN FNs would be helpful in dispersing the N-C, and also further enhancing the ORR catalytic activity of individual N-C through synergistic effects. Subsequently, a WN FNs/N-C hybrid was developed as an efficient ORR electrocatalyst with excellent catalytic performance in a close to four-electron pathway. Furthermore, the effect of morphologies on catalytic activity was investigated and a possible mechanism was speculated to explain the enhanced catalytic activity. This facile and economic method provides an alternative route to fabrication of non-precious electrocatalysts with improved ORR performance.
Experimental

Materials preparation
All chemicals were of analytical grade and used without further purication. Ammonia gas (NH 3 ) purity is 99.999%. Vulcan XC-72 carbon black (CB) was purchased from Cabot Corporation. The water used throughout all experiments was puried through a Millipore system. The schematic illustration of the synthesis of WN FNs and its composite is depicted in Fig. 1 .
Nitrogen-doped carbon black (denoted as N-C) was prepared by annealing at 700 C for 3 h under the NH 3 /Ar ow of 100 sccm. In a typical synthesis of WN FNs, 7 mmol of Na 2 WO 4 -$2H 2 O and 1.75 mmol of K 2 SO 4 were dissolved in 40 mL of deionized water by magnetic stirring to form a transparent solution. Then the pH value was adjusted to 1.0 by the drops of 3 M HCl solution until the appearance of yellow precipitates. Successively, the mixture was transferred to a 100 mL Teon-lined autoclave and held at 180 C for 12 h. The yellow precipitates formed in the solution were then collected by ltration, washed with DI water and ethanol several times, and nally dried in a vacuum oven at 80 C for overnight. The obtained tungsten oxide powder was heated at 450 C in air for 3 h and then annealed at 700 C for 3 h under the NH 3 /Ar ow of 100
sccm to obtain WN FNs. The WN FNs/N-C nanocomposite was synthesized through one step hydrothermal method. In a typical experiment, 90 mg of N-C were dispersed in 50 mL DI water using ultrasonication for 10 min. To this, 10 mg of as-prepared WN FNs were added and ultrasonicated for 30 min to obtain a homogeneous mixture. Aer vigorous stirring, the mixture was transferred to 100 mL Teon-lined autoclave and heated at 180 C for 6 h. The product was allowed to settle collected by ltration, and puried thoroughly using sufficient DI water. Finally, as-prepared sample was dried overnight. The overall content of WN in nanocomposite was ca. 10 wt%. For comparison, WN nanoparticles (denoted as WN NPs) was prepared through a conventional method as follows: a proper amount of ammonium metatungstate were dispersed in 100 mL deionized water by ultrasonication and heated at 70 C for 3 h, and then steamed to dry at 100 C with a continuous stirring. Finally, the power was prepared using the same conditions following the above nitriding procedures. The corresponding WN NPs/N-C composite was prepared in the same hydrothermal condition.
Physical characterizations
X-ray diffraction (XRD) patterns were obtained using a powder diffractometer (DX-2700, Dandong, China) with a CuKa radiation source. X-ray photoelectron spectroscopy (XPS) measurement were carried out on a Kratos AxisULTRA X-ray Photoelectron Spectrometer incorporating a 165 mm hemispherical electron energy analyzer. Morphologies of electrocatalysts were characterized by scanning electron microscopy (SEM, JSM-5900LV, JEOL Co.) and transmission electron microscopy (TEM, Carl Zeiss SMT, Libra 200FE).
Electrochemical measurement
Cyclic voltammetry (CV) and rotating disk electrode (RDE) measurements were performed using a glassy carbon (GC) electrode with a typical three-electrode system. A graphite plate and Ag/AgCl electrode were used as the counter and reference electrodes, respectively. To prepare the working electrodes, 5 mg of catalyst was ultrasonically suspended in 1 mL ethanol and 50 mL Naon® solution (5 wt%, Du Pont) for 30 min to form a homogeneous ink. Then 5 and 20 mL of the catalyst inks were dropped onto the GC of 3 and 5 mm in diameter followed by drying for CV and RDE. The electrochemical measurements were carried out on a CHI660D electrochemical workstation (CH Instruments, Inc., Shanghai). Before the CV measurements, the electrolyte was saturated by bubbling Ar or O 2 for 30 min. The RDE measurements were performed on a Pine electrochemical system at different rotating rates varying from 400 to 2025 rpm (revolutions per minute) with the scan rate of 10 mV s À1 . For a comparison, the commercial Pt/C (20 wt%, Johnson Matthey Co.) was also prepared with the same method with a loading of 160 mg Pt cm À2 . The electron transfer number (n) can be calculated according to the K-L equation:
where J ¼ the apparent current density, 
Results and discussion
Physical characterization of the catalysts
The crystal structure of the N-C, WN NPs/N-C, and WN FNs/N-C were investigated by XRD, as shown in Fig. 2 . The pattern of N-C contains two peaks around 23.5 and 43.5 , which originate from the carbon diffractions of (002) and (101), respectively.
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The phase identity of WN NPs/N-C also is conrmed, which is in good accordance with the cubic WN [JCPDS card no. The morphology and microstructure of the WN nanostructure and their composites are studied using SEM and TEM. Fig. 3a shows WN NPs prepared via the conventional method severely agglomerate to form massive particles. The SEM image of WN FNs (as shown in Fig. 3b and c) reveals the morphology of two-dimensional (2D) WN nanosheets, which usually forms ower-like assembly during nitridation. Fig. 3d shows homogeneous zero-dimensional (0D) N-C and 2D WN sheets in WN FNs/N-C, indicating an interface between N-C and WN (as denoted by the white line, inset) and revealing that carbon layers on N-C side appear to originate from WN surface layers, which is the most signicant region for oxygen adsorption or desorption. 34 It also could be easily observed that thin nanosheets embedded in carbon to construct a three-dimensional (3D) hybrid (as displayed in Fig. 3e) . Furthermore, the individual WN FNs have an average edge length of 100 nm (Fig. 3f) . The corresponding selected area electron diffraction (SAED) pattern inset reveals a polycrystal crystalline structure and exhibits well-dened crystalline lattice with lattice spacing of 0.255 nm, corresponding to the (100) plane of WN.
The elemental composition and chemical states in catalysts were characterised by XPS. Fig. 4a shows the survey spectra of N-C, revealing the presence of C 1s and N 1s. Pyridine-like N is the leading species (Fig. 4b) due to its large amount. Speci-cally, as shown in Fig. 4c , the peak located at 285.5 eV is ascribed to the carbon in C-N bonds.
35 Fig. 4d also reveals the peaks of C 1s, N 1s, and W 4f peaks are visible in the survey spectrum. Fig. 4e shows that the W4f BE for WN FNs/N-C hybrid is 35.7 and 37.8 eV with increases relative to that of individual WN reported in literature. 36 The shi can be explained by the electron transfer between N-C and WN due to intimate contact and intensive interaction, as conrmed by TEM and XRD. The increase of electrons on the hybrid can facilitate the subsequent ORR. 37, 38 For the WN FNs/N-C hybrid, the N 1s spectrum (as shown in Fig. 4f ) could be deconvoluted into three peaks. Peak I (398.5 eV) was ascribed to N from WN; peaks II (399.5 eV) and III (401.6 eV) were derived from N atoms combined with C atoms. Peak II can be ascribed to the pyrrolic/pyridine N and peak III is indexed to the quaternary N. Except for N type from WN, the predominant N-doped group was pyridinic N and generally it was considered as possible active sites participating in the ORR, which is crucial in ORR performances. [39] [40] [41] The high resolution spectra in the C 1s region shown in Fig. 4g indicates the high content of sp 2 C (BE: 284.6 eV), which would lead to high electrical conductivity and ORR activity.
Electrochemical characterization of the catalysts
The CV measurement is most popular method for evaluating the ORR activity of synthesized electrocatalyst and CV curves 42 The high positive shi is better than that of N-C and WN NPs/N-C, which suggests better ORR selectivity on the surface of WN FNs/N-C. The result thereby reveals that the WN FNs at the interface of N-C enhance the ORR catalytic performance and facilitate the dispersion of N-C in composite. To explain the relationship between NPs and FNs, we also attempted to explore the interfacial charge transfer using electrochemical impedance spectroscopy as shown in Fig. 6 . As shown in Fig. 6a (EIS was recorded in 5 mM Fe(CN) 6 3À/4À containing 0.5 M KCl), the semicircles at high frequency region can be assigned to the charge transfer resistance (R ct ). 43 Inset is the equivalent circuit, R s , R ct , and CPE represent the electrolyte resistance, the electron-transfer resistance, and the chemical capacitance, respectively. By tting the equivalent circuit inset, the R ct values were 64.8 and 29.8 U for WN NPs/N-C and WN FNs/N-C, respectively. The low R ct value of WN FNs/N-C generates fast interfacial electron transfer, which is in favor of the high ORR activity. The large R ct induced by the WN NPs may be due to the particle agglomeration during the synthetic process. Fig. 6b illustrates Nyquist plots obtained in O 2 -saturated 0.1 M KOH with the rotating rates of 1600 rpm, demonstrating that a semicircle corresponds to a charge transfer during reduction reaction. 42, 44 As compared to the diameter of the semicircle (inset of Fig. 6b ), R ct for WN FNs/N-C is smaller than that for WN NPs/N-C, indicating that the enhanced the electron transfer and more efficiently ORR kinetics. Therefore, we can conclude that WN FNs in composite is benets interfacial charge transfer, greatly decreasing the impedance and avoiding the agglomeration of N-C.
To evaluate the ORR performance, rotating disk electrode (RDE) experiments were performed in O 2 -saturated 0.1 M KOH with a scan rate of 10 mV s À1 and a rotating speed of 1600 rpm.
In WN FNs/N-C, N-C, and Pt/C, recorded at different rotating rates (400-2025 rpm) with the similar LSV properties (Fig. 7) , providing further information on electron-transfer number (n). Calculated from the LSVs, a linear relationship between J À1 and W À0.5 is recorded among the four electrodes (inset of Fig. 7 ).
The n value was calculated to be 3.4 (N-C), 3.5 (WN NPs/N-C), 3.9 (WN FNs/N-C), and 4.0 (Pt/C), respectively. These ndings suggest that the Pt-like single step 4e À transfer pathway was induced by WN FNs/N-C hybrid catalyst. Excellent methanol tolerance and long-term durability are critical in fuel cells. 45 The ORR current for the WN FNs/N-C catalyst shows little change with the addition of 3 M methanol due to initiation of methanol oxidation reaction; 46 whereas a sharp loss for the Pt/C (Fig. 8a) exists, suggesting that the WN FNs/N-C catalyst has great tolerance for methanol molecules. In Fig. 8b , the ORR current produced on WN FNs/N-C catalyst decreased only by 12.5% during 18 000 s, whereas the WN NPs/ N-C and Pt/C catalyst decreased by 20.2% and 26.4% under the same test conditions. The current decay on Pt/C and WN NPs/N-C might be due to the dissociation and migration of Pt nanoparticles and aggregation of WN NPs during ORR. 8 In the composite, an intimate contact can effectively avoid volume changes between N-C and WN nanosheets, thereby preventing the detachment of WN from the conductive carbon matrix during extended operation.
Previous literatures also studied the performance of 3D hybrids compared to zero-and one-dimensional catalysts, 3D morphology could provide larger specic surface area, more catalytic sites, and more interconnected electron-transfer access, thus enhancing the electrocatalytic activities. 47 For example, the main electrochemical activity of 3D WS 2 nanosheets takes place at the edge planes and inherits the abundant active reactive sites of individual 2D nanostructures and the efficient charge transfer of the 3D network assembly. 48 A speculated mechanism of the active center for the electrochemical reduction of O 2 on WN FNs/ N-C is illustrated in Fig. 9 . The catalytic activity of the unique hybrid could be explained as follows: (1) WN FNs/N-C prepared by hydrothermal process guarantees close contact, good mechanical adhesion, and an electrical connection between WN nanosheets and N-C, thereby facilitating electron ow from N-C to WN. (2) The 3D conguration enhances oxygen transfer and the increased exposure of active sites. In the present case, WN FNs exhibits a coexisting pathway that involves the 2e À and 4e À routes. The "pseudo four-electron pathway" has been reported to involve a catalytic regenerative process, wherein hydrogen peroxide is chemically converted to hydroxide (OH À ) and molecular oxygen (O 2 ) via disproportionation. 49 From the above results, we can speculate the mechanism by which the catalytic activity of the WN FNs/N-C hybrid was improved by a mixed twoand four-electron transfer ORR process.
Conclusions
In summary, a unique structure of WN FNs/N-C with an excellent ORR activity and stability has been synthesized. The superior electrocatalytic activity is attributed to the dual active sites composed of N-C and the ower-like WN nanosheets, with a nearly four-electron pathway. As a result, this low-cost catalyst can be a potential alternative for Pt/C, and its stronger methanol tolerance and predominantly long durability would signicantly impact DMFC development.
